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Selective electrochemical extraction of REEs from
NdFeB magnet waste at room temperature
Prakash Venkatesan, *a Tom Vander Hoogerstraete, b Tom Hennebel, c
Koen Binnemans, b Jilt Sietsmaa and Yongxiang Yanga
NdFeB magnet waste is one of the important secondary resources from which rare-earth elements (REEs)
can be recovered. Herein we present an electrochemical route to selectively extract REEs from the
magnet waste at room temperature. First, the magnet waste was partially leached with HCl. The partial
leachate along with undissolved magnet waste was taken in the anolyte side of a two compartment
reactor separated by an anion exchange membrane whereas the catholyte consisted of sodium chloride
solution. The Fe(II) present in the leachate was oxidized and precipitated as Fe(OH)3 while more than 95%
of REEs were extracted into the solution. Subsequently, oxalic acid was used to selectively precipitate
REEs as rare-earth oxalates. Hydrochloric acid liberated during the oxalic acid precipitation process could
be directly reused in the partial leaching step. Sodium chloride was the only chemical consumed during
the electrolysis. The eﬀect of the NaCl concentration in the anolyte and catholyte on the extraction of
metals was investigated. From magnet waste to rare-earth oxides, the developed recycling process is
environmentally friendly and consumes only electricity, NaCl and oxalic acid.
Rare earth elements (REEs) are used in a variety of green
technologies such as permanent magnets, electric vehicles,
and Ni-MH batteries and are instrumental in the progression
towards a low carbon economy.1,2 REEs are considered to be
critical metals due to fragilities in the supply chain and the
increasing demand from clean energy applications.3–5 Primary
mining of REEs leaves not only a large environmental footprint
but also creates the “balance problem” where the more abun-
dant cerium and lanthanum are stockpiled at the cost of neo-
dymium, dysprosium and praseodymium.6,7 Recycling REEs
from end-of-life waste is one of the important strategies in
addressing the balance problem, and supply risks associated
with REEs and in formulating a circular economic pathway for
rare-earth metal production.8
NdFeB magnets have superior magnetic properties, con-
sisting of 20–30 wt% of REEs and are an important secondary
resource containing REEs.9 In 2014, 22% of rare-earth oxides
produced globally were consumed for the production of
NdFeB magnets making them one of the largest applications
among all REEs.10 Several reviews have summarized the re-
cycling processes that have been developed thus far for re-
cycling NdFeB magnets.11–13 Hydrometallurgical recycling
processes designed for NdFeB magnets are promising as they
operate at room temperature, do not require complex setups
and can be applied irrespective of the composition of the
magnets.14–16 In hydrometallurgical processes, NdFeB
magnets are completely leached with an acid. These pro-
cesses are unselective and iron, which is the major com-
ponent of NdFeB magnets (60–70%), is co-extracted into the
solution along with REEs. The leaching step is followed by a
precipitation step where REEs are selectively precipitated as
rare-earth double sulfates or rare-earth fluorides. Complete
acid dissolution of the industrial magnet waste requires
around 15 moles of HCl per mole of REEs (nHCl/nREE)
whereas complex end-of-life magnet waste requires 40 moles
of HCl per mole of REEs.17 The whole process has many
steps, and consumes excess acid, alkali and other precipi-
tation agents that cannot be recycled.11 The lack of selectivity
between REEs and iron in the hydrometallurgical routes is
due to the fact that iron leaches into the solution as Fe(II)
which is a stable species until a pH of 6 and cannot be selec-
tively precipitated. Recently, a chemical process15 and an
electrochemical route18 were proposed to oxidize Fe(II) to
Fe(III) at room temperature. After oxidation, Fe(III) was selec-
tively and completely precipitated from the solution at a pH
around 3 leaving only REEs in the solution. However, both
the processes required complete and unselective dissolution
of NdFeB magnets as the first step after which the oxidation
of Fe(II) to Fe(III) was performed.
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In contrast, in a pyrometallurgical process, REEs can be
selectively leached from NdFeB magnet waste after a roasting
pretreatment step.19,20 Vander Hoogerstraete et al.21 designed
a closed loop process in which magnets were oxidatively
roasted to convert iron into Fe2O3 and REEs into rare-earth
oxides. The roasted powder was then leached in a near stoi-
chiometric equivalent of acid for REEs (nHCl/nREE = 3.5) in
which only REEs were selectively leached leaving out the iron
as Fe(OH)3. Subsequently, the acid used in the leaching step
was recovered by precipitating REEs with oxalic acid. There
was no net consumption of HCl in the whole process flow
sheet. However, the roasting pretreatment step operates at
900 °C and is energy-intensive. Moreover, the selective leach-
ing step was sluggish and required 5 days to completely extract
the REEs even at 100 °C.
In this paper, we describe an electrochemical process to
selectively recover REEs from NdFeB magnet waste. The pro-
posed process happens at room temperature, with enhanced
kinetics and with no net consumption of HCl. The magnet
waste was treated in a simple two chamber membrane reactor
separated by an anion exchange membrane. We investigated
the eﬀect of the concentration of sodium chloride in both the
anolyte and catholyte on the metal extraction and net energy
consumption. The end product of mixed rare-earth oxides
showed excellent purity (>99%) and can be directly used for
metal production.
Experimental
Materials and methods
All chemicals are of analytical grade and were used without
further purification. Sodium chloride (≥99%), ammonium
acetate, ammonia solution (25% NH3 in water), hydrochloric
acid (37%), oxalic acid dihydrate (≥99%), and ferrozine (mono-
sodium salt hydrate of 3-(2-pyridyl)-5,6-diphenyl-1,2,4-trazine-
p,p′-disulfonic acid) were purchased from Sigma Aldrich, B.V
(Zwijndrecht, The Netherlands). The pH was measured using
an Inolab 7310 pH meter (WTW, The Netherlands) with a
Sentix 81 tip. A Universal 320R centrifuge (Hettich, The
Netherlands) was used to separate the leachate from the pre-
cipitate. The magnet waste used in this study was supplied by
Magneti (Slovenia). These bulk magnets are uncoated and
failed the quality control step before getting magnetized.
Thus, no demagnetization step was required. Ball-milling was
performed at Umicore (Olen, Belgium) using a Retsch RS100
ball-mill for two hours to mill the bulk sintered magnets.
Immediately after milling, the powder samples were directly
divided into 3 gram subsamples and stored in a plastic vial to
oﬀset the eﬀect of oxidation on the extraction eﬃciency
calculations.19
Electrochemical reactor
The experiments were performed in a two compartment
electrochemical reactor (two chambers each with internal
dimensions 8 cm × 8 cm × 2 cm with an eﬀective volume of
128 mL). The compartments were separated by an anion
exchange membrane (FAS-PET-130, anion exchange mem-
branes, Fumatech, Germany). A stainless steel wire mesh was
used as the cathode (Solana, Belgium) and a mixed metal
oxide (35% Ta & 65% Ir) coated titanium electrode as the
anode (Magneto Special Anodes BV, Schiedam, The
Netherlands). A spacer material (ElectroCell A/S, Denmark)
was placed between the surface of the anode and the anion
exchange membrane. The anode and cathode had a projected
electrode surface area of 64 cm2 each. All experiments were
conducted using the potentiostat Versastat 4 (Ametek, UK) and
the data were obtained using Versastudio software. An Ag/AgCl
(3 M KCl) reference electrode was placed in the anode com-
partment. Both compartments were operated in batch mode at
a temperature of 25 ± 2 °C with an internal recirculation rate
of 30 mL min−1. The anolyte and catholyte consisted of
250 mL of leachate and NaCl solution, respectively. The
liquids were pumped from two diﬀerent Scott bottles that were
stirred constantly at 300 rpm with a magnetic stirrer.
Analytical methods
The concentration of the elements was measured by ICP-OES
(PerkinElmer Optima 3000DV). Samples (0.5 mL) withdrawn
from the leachate were passed through a syringe filter of
0.45 µm. The extraction eﬃciency (%) of any metal M was
calculated by the equation:
%E ¼ Min leachate ðppmÞ  Volumeof leachate ðmlÞ
100Minmagnet ð%Þ  Amount of magnet used ðgÞ
ð1Þ
The chloride concentration was measured using a DX-120
Ion Chromotograph. The oxidation state of iron in the leachate
was measured using the ferrozine colorimetric method.22 The
concentration of Fe(II) was measured at wavelength 562 nm
using a UV-Vis spectrophotometer (Hitachi, U-2900). ICP-OES
was used to measure the total concentration of Fe. The concen-
tration of Fe(III) was calculated as the diﬀerence in concen-
trations between total iron and Fe(II). After the electrolysis
step, the precipitate was removed from the leachate by cen-
trifugation. The iron(III) hydroxide precipitate was washed
thoroughly and was completely dissolved in HCl (37%) for
analysis.
The precipitates obtained after the oxalic acid precipitation
step were washed thoroughly with water and ethanol and cal-
cined at 950 °C for 3 hours. X-ray diﬀraction was carried out
using a Bruker D8 diﬀractometer with Cu Kα radiation oper-
ated at 45 kV. Rare-earth oxides obtained after calcination were
dissolved in concentrated HCl (∼37%) and their composition
was measured with ICP-OES to determine the purity.
Results and discussion
Partial leaching of NdFeB magnets with HCl
The chemical composition of the NdFeB magnet waste is given
in Table 1.
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The industrial magnet waste has a high dysprosium and
low praseodymium content and is typically used for hybrid
electric vehicles and electric motors. Neodymium, dysprosium,
praseodymium, iron and cobalt form more than 98 wt% of the
magnet waste, and are thus the focus of this study. Several in-
organic and even organic acids have been investigated for
leaching NdFeB magnets.14,16,23 The solubility limits of rare-
earth sulfates are low and thus, chlorides and nitrates are the
preferred anions for the downstream solvent extraction
process.19 However, the oxidizing nature of nitrate anions was
reported to interfere with the leaching process of NdFeB
magnet waste with release of NOx gases.
21 Hence, HCl and a
chloride system were chosen for this study.
A sample of 3 grams of magnet waste was first leached with
HCl at a constant molar ratio of 3.5 between HCl and REEs
(nHCl/nREE). The acid leaching was unselective and around
23 ± 1.2% of total magnet waste was extracted into the solution
(Table 2). The partial leaching was complete within 60 minutes
and was accompanied by a pH rise to 6.5 ± 0.5. Speciation
measurements of the obtained leachate with a UV-Vis spectro-
photometer showed that ≥98.7% of the iron leached was in
the form of Fe(II).
The dissolution reactions of the important elements are:
2REþ 6HCl Ð 2RECl3 þ 3H2 ð2Þ
Feþ 2HCl Ð FeCl2 þH2 ð3Þ
Coþ 2HCl Ð CoCl2 þH2 ð4Þ
Iron is the major component of the magnet waste and sep-
aration of REEs from iron forms the major part of NdFeB re-
cycling. It is important to determine the speciation of iron in
the leachate because first of all, Fe(II) remains in the solution
as soluble species until a pH of 6.20 Selective precipitation of
the REEs by addition of a neutralizing agent is not possible as
both REEs and Fe(II) can undergo hydrolysis and co-precipi-
tate. Secondly, addition of precipitating agents like oxalic acid
is also problematic as iron(II) oxalate is also highly
insoluble.18,24
In contrast to Fe(II), Fe(III) can undergo hydrolysis at a pH of
about 2 whereas REEs are stable until a pH of 6. To study the
oxidation of Fe(II) under ambient conditions, a control experi-
ment of leaching was performed where air was purged into the
leachate for 24 hours. The leachate turned green over time
with slight precipitation of Fe(OH)2 and air oxidation did not
result in the oxidation of Fe(II) or further extraction of metals.
This is due to the fact that the oxidation of Fe(II) by air is an
extremely sluggish reaction with its kinetics heavily dependent
on the pH.25 Thus, electrochemical oxidation of Fe(II) to Fe(III)
was formulated as the basis for removal of iron from the
leachate.
Electrochemical extraction of REEs
Membrane electrolysis has been successfully employed in
various fields including metal recovery.26–28 For all the electro-
lysis experiments, 3 grams of magnet waste were first partially
leached with HCl at nHCl/nREE = 3.5. In this study, a mem-
brane electrochemical reactor with two chambers separated by
an anion exchange membrane was used to treat the magnet
waste (Fig. 1). The partially leached solution (Table 2) was
passed into the anolyte compartment while the undissolved
magnet particles stayed in the Scott bottle along with a mag-
netic stirrer. The catholyte consisted of sodium chloride solu-
tion. Both the catholyte and anolyte were internally recircu-
lated. The following reactions are possible at the anode:
Fe2þ þ 3H2O Ð FeðOHÞ3 þ 3Hþ þ e ðE° ¼ 0:9 VÞ ð5Þ
2H2O Ð 4Hþ þ 4e þ O2 ðE° ¼ 1:23 VÞ ð6Þ
The cathodic reaction is reduction of water to produce
hydroxide ions.
2H2Oþ 2e Ð 2OH þH2 ð7Þ
The anion exchange membrane not only prevented the
migration of Fe(III) to the catholyte where it can be reduced to
Fe(II) but also ensured capture of acid released from reaction
(5) to be utilized for leaching undissolved magnet particles. In
all the electrolysis experiments, the metals were leached exclu-
sively inside the anolyte loop. ICP-OES analysis of the catholyte
after the electrolysis showed no presence of metals and thus, it
can be concluded that the anion exchange membrane served
as an eﬀective physical barrier.
Influence of current density over metal extraction
To investigate the kinetics of magnet leaching under diﬀerent
current densities, an artificial brine solution (0.6 M, 35 g L−1
NaCl) was used as a catholyte and 0.2 M NaCl was added to
the anolyte as a supporting electrolyte. The kinetics of REEs
leaching into the solution increased with the increase in
current density (Fig. 2). At current densities above 50 Am−2,
more than 97% REEs and cobalt were extracted into the solu-
tion within three hours. Around 50% of iron was removed
Table 1 Elemental composition of NdFeB magnets in wt%
Element Content (wt%) Element Content (wt%)
Fe 63.54 Gd 0.15
Nd 22.21 Al 0.09
Dy 8.19 Cu 0.07
Co 2.99 Nb 0.06
B 1 Ni 0.04
Pr 0.76 Total 99.1
Table 2 Percentage of extraction of diﬀerent metals after partial leach-
ing of magnet waste with nHCl/nREE = 3.5
Elements Extraction (%)
Fe 23.2
Nd 28.9
Dy 21.2
Pr 19.1
Co 36.4
Total magnet waste 23.1
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from the leachate as Fe(OH)3 due to the electrochemical oxi-
dation of Fe(II). At acidic pH, the kinetics of oxidation of Fe(II)
by dissolved oxygen is very sluggish25 and direct anodic oxi-
dation of Fe(II) was found to be the predominant mecha-
nism.29 However, ≥30% of iron was also co-extracted into the
leachate. This is due to the formation of acid by migration of
chloride ions to the anolyte.
zClCatholyte ! zClAnolyte ð8Þ
Chloride anions migrated from the catholyte to the anolyte
through the anion exchange membrane and reacted with
protons produced from water electrolysis (eqn (6)) to form HCl
thereby leaching metals unselectively.30 Loss of around 3.5 ±
1 wt% of chloride ions from the catholyte was measured by ion
chromatography. After complete treatment of the waste, water
electrolysis and subsequent acid formation happen at the
anolyte which was also observed as a drop in pH (Fig. 3).
The pH of the anolyte served as an important parameter for
indicating the end point of the electrolysis. During the electro-
lysis, a constant pH of 2.5 ± 0.2 was observed. This constant
pH reflects the dynamic equilibrium existing between two
competing reactions in the anolyte, chemical dissolution of
the magnet (eqn (2)–(4)) and Fe(II) oxidation (eqn (5)). The cell
was switched oﬀ at intermittent time intervals and the pH of
the anolyte was subsequently monitored over time when no
energy was supplied. Two distinct profiles of the anolyte pH
were observed. In the first profile, at intermittent time inter-
vals 60, 120, 135 and 150 minutes, the pH gradually increased
to 6 ± 0.5 (Fig. 3). This increase of pH when the cell was
turned oﬀ indicates that there were still magnet particles that
remained undissolved and the reaction was still incomplete. In
the second profile, at intermittent time intervals of 165 and
180 minutes the pH of the anolyte remained stable at 2 ± 0.2
and continuation of the electrolysis resulted in a further
decrease of pH. This stable profile can be attributed to the
complete treatment of all magnet waste and further acid for-
mation resulting from the migration of chloride ions from the
catholyte.
Fig. 1 (A) Photo and (B) schematic illustration of the membrane electrochemical reactor.
Fig. 2 Inﬂuence of current density on the percentage extraction of
REEs and iron with 0.2 M NaCl in the anolyte and 35 g L−1 NaCl in the
catholyte (a) 40 Am−2 (b) 50 Am−2 (c) 75 Am−2 (d) 125 Am−2.
Fig. 3 Evolution of pH of the anolyte in time after the electrolysis
reactor is switched oﬀ at various intermittent time intervals with 0.2 M
NaCl in anolyte, 0.6 M NaCl in catholyte and at 50 Am−2.
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Despite the co-extraction of iron, ≥99% of the iron that was
extracted into the leachate existed in the Fe(III) state (Table 3).
It has to be noted that this Fe(III) from these leachates can
easily be removed by neutralization and precipitation to obtain
a REE-rich solution.15 Thus, ammonia was added dropwise to
increase the pH of the leachate to 4.5 ± 0.2. Table 4 presents
the composition of the leachate after electrolysis and after neu-
tralization. It can be seen that the electrolysis step removes
around 50% of iron from the original magnet. The neutraliz-
ation step resulted in precipitation and complete removal of
iron in the form of the iron(III) hydroxide precipitate. The
obtained iron(III) hydroxide precipitate was filtered and the
XRD of the precipitate showed that it consisted of β-FeO(OH),
akagenite.
Despite the complete removal of iron from the leachate, co-
extraction of iron into the leachate during electrolysis can be
problematic as it requires the additional step of neutralization.
Thus, to limit the co-extraction of iron and to further under-
stand the eﬀect of chloride ions in both compartments on the
extraction as well as speciation of iron into the solution,
experiments were performed with (a) the complete absence of
NaCl in the anolyte and (b) with very low concentration of
NaCl (0.05 M) in the catholyte.
Eﬀect of catholyte NaCl concentration
To understand the migration of chloride ions from the catho-
lyte, the eﬀect of catholyte NaCl concentration on the extrac-
tion of diﬀerent metals was investigated first at a constant
current density of 50 Am−2 (Fig. 4). No NaCl was added to the
anolyte. A low concentration of NaCl (0.05 and 0.01 M) in the
catholyte resulted in incomplete leaching of the metals. A sat-
uration point for extraction was reached at 2–3 hours and
further electrolysis resulted even in a slight decrease of the
metal concentration signifying the possible precipitation of
metals due to the migration of hydroxide ions to the anolyte.
zOHCatholyte ! zOHAnolyte ð9Þ
However, complete extraction of REEs was observed at a
NaCl concentration similar to that of brine solution and
higher (0.6 M and 1 M NaCl). Nevertheless, more than 40% of
iron was still co-extracted into the leachate. However, in con-
trast to the previous experiments where 0.2 M NaCl was
present in the anolyte, almost all of the iron extracted into the
leachate was Fe(II) in the absence of NaCl in the anolyte. This
shows that the presence of sodium chloride additive salt in the
anolyte plays a role in Fe(II) oxidation.
Influence of anolyte NaCl concentration
The role of NaCl concentration in the anolyte in the speciation
and extraction was investigated further at a constant current
density of 125 Am−2. The catholyte concentration of NaCl was
kept constant at 0.05 M to minimize the influx of chloride ions
into the anolyte. Similar to the previous set of experiments, in
the absence of NaCl in the anolyte, the leach was incomplete
and unselective with co-extraction of iron. However, with the
addition of NaCl in the anolyte, around 94 ± 2% REEs and
cobalt were selectively extracted into the leachate with almost
complete removal of iron (Fig. 5). This selective extraction of
REEs and cobalt can be attributed to two diﬀerent factors.
First, by reducing the NaCl amount in the catholyte (0.05 M),
the excess acid formation by migration of chloride ions was
prevented.
Table 3 Amount of iron extracted and % of Fe oxidized under diﬀerent
experimental conditions
Current
density
(Am−2)
Anolyte Catholyte
Fe extracted
(%)
Fe oxidized
(%)
NaCl
concentration
(M)
NaCl
concentration
(M)
40 0.2 0.6 27.1 ± 2.2 89.2 ± 1.6
50 0.2 0.6 39.2 ± 3.6 95.6 ± 0.7
75 0.2 0.6 52.3 ± 3.4 99.7 ± 0.3
125 0.2 0.6 54.1 ± 3.5 99.7 ± 0.3
125 0 0.6 56.2 ± 2.9 2.3 ± 0.6
125 0.2 0.05 0.1 ± 0.1 —
125 3.5 0.05 0 —
125 4.5 0.05 0 —
Table 4 Composition of leachates after electrolysis at 125 Am−2 and neutralization with ammonia
Elements Nd (mg L−1) Dy (mg L−1) Pr (mg L−1) Co (mg L−1) Fe (mg L−1)
Completely leached magnet waste 2652.0 982.8 91.2 358.7 7624.5
Leachate after electrolysis 2643.0 979.1 90.7 358.3 4284.9
After neutralization 2551.2 943.4 89.4 347.9 <0.1
Retention [%] 95.0 ± 2 95.5 ± 1 98.0 ± 0.5 98.5 ± 0.5 —
Fig. 4 Percentage extraction of REE and iron over diﬀerent concen-
trations of sodium chloride in the catholyte at a constant current density
of 50 Am−2, after the initial leaching at nHCl/nREE = 3.5.
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Secondly and most importantly, chlorine gas was generated
from the oxidation of chloride ions at the anode.
Subsequently, Fe(II) is oxidized also by reaction with chlorine.
It has to be noted that even in the experiments where no NaCl
was present in the anolyte, more than 50% of iron present in
the magnet was removed as Fe(OH)3. Thus, Fe(II) oxidation at
the anolyte happens directly at the anode surface as well as by
electrochlorination. Generation of chlorine gas by in situ elec-
trochlorination has been used in water disinfection as a safe
alternative to transporting chlorine gas to the sites of water
treatment.31,32
2Cl ! Cl2 þ 2e ð10Þ
Cl2 þ 2Fe2þ ! 2Fe3þ þ 2Cl ð11Þ
Chlorine gas is also used in organic chemistry to oxidize
Fe(II) to Fe(III).33 Electrogenerated chlorine was reported to play
a dual role of oxidizing Fe(II) as well as leaching metals from
the waste.34,35 High concentrations of chloride ions (3.5 M and
4 M) were investigated here mainly because they can be used
as salting agents for environmentally friendly downstream
solvent extraction processes to separate diﬀerent REEs from
each other.21 The whole extraction process was complete
within 3 hours. This is marked improvement over other selec-
tive leaching processes which required 5–7 days for complete
extraction of REEs.21,36 Prolonging the reaction time further
decreased the extraction of REEs due to the possible precipi-
tation of REEs as hydroxides due to the migration of hydroxide
ions from the catholyte (eqn (9)). On average, the leachate con-
tained 3600 mg L−1 of REEs and 310 mg L−1 of cobalt. The
concentration of REEs can be remarkably increased by treating
a large amount of magnet waste in a single batch or by reusing
the leachate obtained at the end of the electrolysis over and
over again in the subsequent electrolysis runs.
Selective oxalate precipitation of REEs
Oxalic acid is often used as the precipitation agent to recover
REEs in the solid form as rare-earth oxalates and to regenerate
the acid.37
2RECl3 þ 3H2C2O4 ! RE2ðC2O4Þ3 þ 6HCl ð12Þ
Rare-earth oxalates are highly insoluble (Ksp = 1.3 × 10
−31
for neodymium oxalate)38 in comparison with cobalt(II) oxalate
(Ksp = 6.3 × 10
−8)39 and thus oxalic acid was added to the lea-
chate to selectively precipitate the REEs. As in Fig. 6, at the
ratio of moles of oxalic acid to REEs of 2 : 1, almost all REEs
were precipitated while only less than 1% of cobalt was precipi-
tated. The obtained rare-earth oxalates were calcined further at
950 °C to obtain rare-earth oxides. The XRD pattern of the
obtained rare-earth oxides showed the pattern of two diﬀerent
phases of Nd2O3 (Fig. 7). The obtained oxides were dissolved
in HCl and analysed with ICP-OES. The oxide was found to be
quite pure (99.5% of REEs) with only minor impurities from
cobalt and aluminium. The remnant leachate was rich in
cobalt. Recently we demonstrated that metallic cobalt can be
recovered from the cobalt rich leachate through electrowin-
ning18. Cobalt concentration in the remnant leachate can be
Fig. 5 Percentage of extraction of metals (Nd, Dy, Pr, Fe and Co) over diﬀerent concentrations of NaCl in the anolyte at a constant current density
of 125 Am−2 and 0.05 M NaCl in the catholyte.
Paper Green Chemistry
1070 | Green Chem., 2018, 20, 1065–1073 This journal is © The Royal Society of Chemistry 2018
Pu
bl
ish
ed
 o
n 
29
 Ja
nu
ar
y 
20
18
. D
ow
nl
oa
de
d 
by
 G
he
nt
 U
ni
ve
rs
ity
 L
ib
ra
ry
 o
n 
18
/0
4/
20
18
 1
9:
59
:2
0.
 
View Article Online
increased by either processing a large amount of magnet waste
in a single batch or by reusing the remnant leachate in the
partial leaching step.
Overall process and energy consumption
The overall recycling process for NdFeB magnet waste contains
five distinctive steps (Fig. 8). First, the NdFeB magnet was par-
tially leached with HCl at a ratio of (nHCl/nREE = 3.5) with
3.5 M NaCl as an additive salt.
Then, the leachate was fed into the anolyte compartment of
the two chambered electrochemical reactor separated by an
AEM while the unreacted magnet powder stuck to the mag-
netic stirrer in the anolyte Scott bottle. The catholyte contained
a NaCl solution of low concentration (0.05 M). Upon electroly-
sis, iron was oxidatively precipitated as Fe(OH)3 while ≥95%
REEs and cobalt were extracted into the leachate. The pH
played an important role in indicating the end point of the
electrolysis process. During the electrolysis, the pH was con-
stant at 2.5 ± 0.2 and was a result of competing reactions of
magnet dissolution by acid and oxidative precipitation of
Fe(II).
The electrolysis process was switched oﬀ intermittently and
as long as unreacted magnet waste remained, the pH increased
to 6.5 ± 0.3. Complete treatment of NdFeB magnet waste
resulted in a decrease of pH to a value below 2. Thus the pH
served as an eﬀective indicator for the end point of the reac-
tion. At the end of the electrolysis step, the leach residue was
removed by filtration. Subsequently, the leachate was treated
with oxalic acid to further precipitate REEs as rare-earth oxa-
lates. The acid that was consumed in the partial leaching step
was regenerated in this precipitation step. The rare-earth oxa-
lates were further calcined at 950 °C to produce rare-earth
oxides. The acid along with cobalt ions and a highly concen-
trated NaCl solution can be fed again into the anolyte resulting
in a closed-loop process without net consumption of HCl.
Cobalt can be separated using a solvent extraction step40 or it
can be recovered as cobalt metal through an electrowinning
step.41 For the 3 grams of magnet waste treated in the process,
1.2 ± 0.1 grams of rare-earth oxides were obtained as the main
product. The iron hydroxide residue (3.6 ± 0.2 grams) pro-
duced was found to be in the form of β-FeO(OH) akaganeite
and can be potentially used in the pigment industry, ion
exchangers and gas sensors.42 Residual cobalt (0.09 grams)
present in the solution can be used in the subsequent electro-
lysis step to increase the cobalt concentration until it is suit-
able for direct electrowinning.
The average cell voltage and energy consumption (kWh kg−1)
calculated per kilogram of magnet for diﬀerent experimental
conditions are tabulated in Table 5. An increase in the
concentration of NaCl in the catholyte decreases the energy
consumption significantly. However, at high concentration of
NaCl in the catholyte almost half of the iron present in the
magnet waste was co-extracted into the leachate. The specia-
tion of the extracted iron into the solution depended upon the
presence of NaCl in the anolyte. Nevertheless, the best suited
conditions for selective extraction of REEs with iron removal
are 3.5 M of anolyte NaCl and 0.05 M of catholyte NaCl (con-
Fig. 7 XRD pattern of the obtained rare-earth oxide.
Fig. 8 Flow chart of the recycling process. Red arrows: solid stream,
black arrows: aqueous stream, green arrow: gaseous stream.
Fig. 6 Removal of REEs as rare-earth oxalates by addition of oxalic
acid.
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dition G). Both conditions C and G can provide iron-free lea-
chates rich in REEs and cobalt. However, condition C requires
an additional neutralization step for iron removal. In terms of
energy consumption, condition G requires almost 3.5 times
more energy than condition C. At an energy cost of €0.12 per
kilowatt hour, these results indicate that the magnet waste can
be processed at an energy cost of €0.7 kg−1 in a scaled up set-
up. Assuming an average of 30% of REEs in magnet waste, the
power cost of the developed electrochemical process to
produce a kilogram of rare-earth oxides would be less than
three euros. In 2014, the price of Nd2O3 was €50 per kilo-
gram.10 Thus, despite additional capital and operational costs,
the developed recycling process is still commercially attractive.
Although the focus of this manuscript is on treatment of
NdFeB magnet waste, the concept of in situ electrochemical
oxidative-precipitation of iron from waste feed can be extended
and used in the treatment of the ferrous fraction of a generic
WEEE stream (Waste Electrical and Electronic Equipments)
which contains a substantial amount of REEs.43–45 The electro-
chemical oxidative-precipitation process not only removes iron
from the leachate but also simultaneously regenerates the acid
that can be used by other metals present in the feed to dissolve
into the solution.
Conclusions
An environmentally friendly electrochemical process was devel-
oped to selectively recover REEs from NdFeB magnet waste at
room temperature. REEs were selectively extracted from NdFeB
magnet waste by partial leaching followed by membrane elec-
trolysis. Fe(II) was oxidized in the anolyte and precipitated as
Fe(OH)3. The acid liberated from the oxidation of Fe(II) was
captured in the anolyte in situ and was used in leaching the
undissolved magnet waste further until ≥95% REEs were
leached into the solution and all iron was removed as the
iron(III) hydroxide precipitate. The concentrations of sodium
chloride in the anolyte and catholyte were shown to play an
important role in the recovery process. The kinetics of metal
extraction was shown to increase with the increase in current
density. Oxalic acid was used as a selective precipitating agent
to separate REEs from cobalt. The whole process consumes
only sodium chloride, oxalic acid, and current and produced
rare-earth oxides with a purity ≥99%.
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